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Diffusion  of  Deterrents  into  a Nitrocellulose  Matrix. 
An  Example  of  Diffusion  with  Interaction 
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Development  and  Engineering  Directorate,  Frankford  Arsenal, 
Philadelphia,  Pennsylvania  19137 


Synopsis 

The  diffusion  of  various  concentrations  ' a deterrent.' (di-n-butyl  phthnlato)  into  a spherical, 
nitre  Jyccrin-containing  nitrocellulose  matrix  was  studied.  It  was  concluded  that  the  final 
concentration  profile  could  best  be  explained  by  a diffusion  with  interaction  mechanism.  Based 
on  this  mechanism,  a method  for  calculating  the  depth  of  deterrent  penetration  is  presented. 


INTRODUCTION 

Deterrents  are  materials  which  are  diffused  some  distance  into  nitrocellulose- 
based,  small-arms. propellants  in  order  to  slow  down  their  initial  burning  rate 
when  the  total  grain  surface  area  is  at  maximum.  Small  variations  in  the  depth 
of  penetration  and  concentration  of  deterrents  in  a small-arms  propellant  have 
been  found  to  have  a dramatic  effect  on  the  propellant’s  ballistic  performance. 
For  this  reason,  a study  was  made  of  the  depth  of  penetration  of  di-n-butyl 
phthnlato  (DBP,  a deterrent)  obtained  when  various  concentrations  were  dif- 
fused (utilizing  a scaled-down  production  technique)  into  a spherical,  double- 
base  (nitroglycerin-containing)  nitrocellulose  matrix. 

Past  work  to  establish  methods  for  measuring  the  deptli  of  DBP  penetration 
into  a nitrocellulose  (NC)  matrix  utilized  staining1*3  and  optical  techniques.5 
Levy5  postulated  a shallow  deterrent  gradient  from  the  diffusion  front  to  the 
grain  surface  and  measured  the  effect  of  concentration  and  other  process  vari- 
ables on  depth  of  deterrent  penetration.  An  autoradiographic  study4  of  the 
DBP  concentration  profile  in  a spherical  NC  matrix  showed  that  the  concen- 
tration of  DBP  was  level  through  the  body  of  the  deterred  region  (which  is  only  a 
portion  of  the  grain  diameter),  with  an  abrupt  drop  in  concentration,  and  that 
the  visually  observed  depth  corresponded  to  the  actual  depth.  Further,  this 
work4  indicated  that  a diffusion  with  interaction  mechanism  could  account  for 
this  type  of  concentration  profile.  An  infrared  study5  lias  demonstrated  that 
hydrogen  bonding  occurs  between  the  carbonyl  group  of  DBP  and  the  unesteri- 
fied  hydroxyl  groups  in  NC  and  also  measured  the  lengths  of  these  interactions. 
Brodman5  has  shown  that  hydrogen  bonding  occurs  between  uncsterified  hy- 
droxyl groups  in  NC,  and  again  the  bond  lengths  were  measured.  However, 
the  strength  of  the  NC-OII  interactions  in  pure  NC  was  weaker  than  the  deter- 
rent-NC  hydroxyl  interactions.  Further,  a subsequent  study7  considered  the 
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hydrogen  bondi  j characteristics,  of  both  ethyl  acetate  (EA)  and  nitroglycerine 
(NG)-in  a NC  matrix.  These  results  indicated  that  EA  does  hydrogen  bond  to 
tire  unesterified-hydroxy'  groups  in  NC  and  that  the  bond  strength  of'this  inter- 
action-is  the  same  as  that  obtained  for  the  DBP-NC  interaction.  Also,  it 
was  show  " that  NO  does  not  hydrogen  bond  to  unesterified  hydroxyl  groups  in 
NC. 

Herzog**  described  the  NG  impregnation  process  and  has  shown  by  micro- 
scopic examination  of  sectioned  grains  that  the  residual  EA  which  remains  in 
p.’Opcilant  grains  prior  to  deterring  is  concentrated  at  the  surface  of  the  grain. 
Further,  this  reference  indicated  that  some  residual  solvent  should  bo  left  in  the 
grain  in  order  to  facilitate  deterring. 


EXPERIMENTAL 

NC  spheres  used  in  this  study  were  undeterred  WCS70  ball  propellant  made 
by  badger  Army  Ammunition  Plant.  The  moisture-free  composition  of  the 
NC  spheres  was  1.22%  diphenylaminc,  0.49%  EA,  0.04%  ENT,  0.31%  EBP 
(both  ENT  and  EA  arc  present  as  contaminants),  9.40%  NG,  and  87.94%  NC 
(13‘.15%  N)  determined  by  difference  from  a solvent  extractable  fraction.  The 
spheres  ranged  in  size  from  0.034  to  0.027  in.  Purified  di-H-butyl  phthnlate 
was  obtained  from  Fisher  Seicntilic  Co. 

Scaled-Down  Deterring  Process.  WCS70  propellant,  200  g,  500  ml  water 
and  1.3  g, Swifts  Colloid  #1  (Swift  and  Co.)  were  placed  in  a 2-liter,  three-nock 
flask  equipped  with  a stirring  blade  and  a condenser.  Earing  the  deterring 
process,  the  flask  wa»  -placed  in  a constant  temperature  water  bath  and  main- 
tained at  70°  ().o° V A separate  emulsion  of  EBP  was  prepared  by  dis- 

solving 0.1  g Swifts  fl  Oolhid  in  50  ml  water  and  adding  the  appropriate  amount 
of  DBP  to  the  solution.  ..'he  EBP  emulsion  was  maintained  at  7G°C  prior  to 
addition  to  the  flask  containing  the  propellant.  An  appropriate  quantity  of  this 
emulsion  which  contained  3 parts  of  EBP  to  5 ports  of  water/colloid  was  added 
to  the  deterring  flask.  After  addition  of  the  EBP  emulsion,  the  flask  was  main- 
tained at  ?G°  * for  G hr  with  constant  stirring.  These  conditions  have 
been  shown  to  result  in  quantitative  transfer  of  the  deterrent  to  the  propellant 
grains  At  the  end  of  the  G-hr  period,  Use  liquid  was  poured  off  and  the  pro- 
pellant was  washed  with  1 liter  of  water.  After  washing,  the  deterred  propellant 
was  allowed  to  air  dry  overnight  at  ambient  ,cmpcraturo.  Further  migration 
of  deterrent  during  washing,  drying,  and  storage  did  not  present  a problem  since 
past  work4  lias  shown  that  .hydrogen  bonding  to  NC  occurs. 

Micro toming.  Thirty  individual  grains  of  the  deterred  propellant  from  each 
run  were  mounted  on  '/$  in.  ceramic  rods  with  Titebond  Glue  (Franklin  Glue  Co.) 
and  microtomec'  into  sections  about  22  n thick.  The  sections  were  then  per- 
manently mounted  on  microscope  slides  with  Pcrmount  (Fisher  Scientific  Co.). 

Measuring.  The  mounted  grain  segments  were  measured  using  a Unitron 
TMS-loGG  measuring  microscope  equipped  with  a 10X  eyepiece  and  10X  objec- 
tive lens.  The  maximum  error  in  measuring  the  depth  of  penetration  was  ±5  n. 

Determination. of  DBP  and  EA.  Both  DBP  and  EA  were  determined  on  the 
deterred  grains  by  extracting  the  propellant  with  a methanol/arotone  mixture. 
The  resulting  liquid  extract  v/as  then  subjected  to  gas-chromatographic  analysis.9 
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DISCUSSION 

Tho  purpose  of  this  study  was  to  measure  the  depth  « DBP  penetration  in  a 
■spherical,  NG-containing,  NC  propellant  grain  and  to  provide  a means  for 
predicting  the  depth  pf. penetration.  This  method,  of  prediction  was  based  on  a 
diffusion  with  interaction  mechanism  and.  therefore  had  to  consider  other  factors 
which  would  alter  the  extent  of  deterrent  interaction.  Further,  this  descrip- 
tion is  offered  as  an  interesting  general  example  of  a nonclassical  concentration 
profile  (one -which  does  not  obey  Kick’s  law)  obtained  from  a case  of  diffusion  with 
interaction. 

The -hydroxyl  group  density  of  tho  NC  is  important  in  DBP  depth  considera- 
tions since  an  interaction  has  been  shown  to  exist  between  the  deterrent  carbonyl 
group  and  the  u nested  tied  hydroxyl  croups- in  NC.  The  relationship  used  to 
establish  the  number  of  hydroxyl  gr«  -ups  per  repeat  unit  (N-ou)  based  on  NC 
nitrogen  content  (A'n)  is  given  below: 

(162.15)  (X«) 


N- on  — 3.0  - 


i4.oi  - (45)  (y») 


(1) 


The  hydroxyl  group  density  (p_on)  of  the  single-base  grain  can  be  calculated 
from  the  specific  gravity  (p* i.)  and  the  number  of  hydroxyl  groups  per  NC  repeat 
unit  according  to  the  following  equation : 
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where  IFncui>u  is  the  gram-molecular  weight  of  a NC  repeat  unit  and  A’dpa, 
A'dxt,  and  A'diu><  are  the  weight  fractions  of  diphcnylaminc,  dinitrotoluene,  and 
dibutylplithalate  present  as  cither  stabiliser  (DBA)  or  contaminants  (DNT, 
DBP)  in  the  single-base  grain. 

In  similar  fashion,  the  initial  molecular  densities  of  DBP  and  EA  (pi>iu>(,  pea  <) 
wore  ealculated.  Since  the  initial  DBP  content  of  the  propellant  is  distributed 
homogeneously,  the  hydroxyl  group  density  was  eoirocted  for  tho  DBP-NC_oa 
interaction  in  the  following  way: 

(3) 
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where  p~ou'  is  the  density  of  hydroxyl  groups  which  are  available  for  further 
interaction.  Because  of  the  complex  nature  of  the  NC  matrix,  a certain  frac- 
tion of  NC„on  groups  would  be  precluded  from  an  interaction.  Therefore,  it 
became  necessary  to  correct  p_on'  for  stcrio  hindrance. 

Tho.hydroxyl  group  density  that  is  available  and  accessible  for  interaction  is 
given  below: 


P*~ Olt  * P-OJl'  (I  — A'-OHMail) 


(4) 


wliere  Ar_on  hi»<i  represents  the  fraction  of  stcrieally  hindered  hydroxyl  groups. 

Since -the  residual  solvent  (EA)  has  been  shown  to  hydrogen  bond  through  Its 
carbonyl  group  with  NC-on  groups  and  the  resulting  strength  is  the  same  as 
that  for  the  DBP,  NC-ou  interaction,  a number-  of  NC-oh  groups  are  blocked 
from  DBP-NC  interaction.  Also,  previous  work,  has  shown  that  due  to  manu- 
facturing conditions,  the  EA  is  found  near  the  surface  of  the  grain.  Conse- 
quently, in  the  development  of  the  following  prediction,  the  EA  was  treated 
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Fig.  1.  Predicted  and  experimental  values  of  (/h/A'o)3  for  varying  DBP  concentration. 


as  a molecule.  of  DBP  and  therefore  distributed  homogeneously  throughout  the 
deterred  region.  From  geometric  considerations,  the  following  statement  was 
formulated. 


\ MV  = \ UR, 
o 3 


, (i  n/?o3  f pM  Nav  ( A' nnr  \ , 
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The  term  in  braces  in  eq.  (5)  reflects  the  volume  of  the  deterred  region  based 
on  the  weight  fraction  of  DBP  (A'diu*)  in  the  propellant  and  the  available  and 
accessible  —Oil  group  density.  By  collecting  terms  and  simplifying,  the  fol- 
lowing relationship  was  obtained : 


(pniier  - pea 


EAj)  _ 
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where  pM  represents  the  double-base  density  (NO  containing)  of  the  propellant, 
Nav  is  Avogadro’s  number,  and  il/lFpim  is  the  gram-molecular  weight  of  DBP. 

The  depth  of  penetration  is  calculated  as  (/r,/Ao)3  to  avoid  particle  size  varia- 
tions. It  was  found  that  a 12.3%  steric  factor  provided  the  best  lit  for  the  slope 
and  that  all  other  steric  factors  used  in  this  calculation  produced  a line  which 
was  not  parallel  to  the  experimental  line  shown  in  Figure  1.  The  only  variable 
which  would  affect  the  slope  of  the  calculated  line  is  p*_on.  Factors  which 
could  cause  variation  in  p*_on  are  degree  of  nitration,  which  was  known  and 
accounted  for.  and  steric  hindrance.  Therefore,  it  was  reasonable  to  include  a 
steric  hindrance  factor  in  the  calculation.  Further,  it  seems  likely  that  a certain 
fraction  of  the  hydroxyl  groups  is  hindered  since  it  survived  the  nitration  reac- 
tion. As  can  be  seen  in  Figure  1,  there  is  fairly  good  agreement  between  the 
calculated  line  and  the  experimental  line.  The  experimental  data  were  ob- 
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TABLE  I 

Comparison  of  Calculated  and  Experimental  Depth -Data 


DBP,  % 

Calculated 

depth, 

Experimental 
depth,  ii 

A,m 

1.07 

14.95 

10.20 

1 

3.77 

20.97 

32.00 

5 

3.98 

28.48 

33.27 

5 

5.17 

30.12 

42.10 

0 

0.53 

42.70 

47.50 

5 

7.08 

50.10 

58.42 

2 

8.48 

04.03 

70.87 

7 

9.51 

72.59 

75.95 

.3 

* Calculated  from  eq.  (6)  using  the  average  propellant  grain  radius  for  each  group. 


fcaincd  by  microtoming  and  measuring  the  diameter  and  depth  of  penetration  of 
30  grains  at  each  concentration  studied.  In  some  cases,  the  grains  were  ob- 
long so  'no  major  and  minor  axis  were  measured  and  the  diameter  taken  as  the 
average.  DBP  depths  of  penetration  were  calculated  using  eq.  (0)  and  com- 
pared with  the  experimental  results  in  Table  I.  As  can  be  seen,  the  predicted 
depth  was  within  experimental  error  of  the  measured  depth  in  all  but  two  cases. 

These  data  indicated  that  the  relationship  between  deterrent  depth  and  con- 
centration can  best  be  described  by  a diffusion  with  interaction  mechanism. 
Further,  it  has  been  shown  that  an  interaction  involving  a second  molecule,  EA, 
can  be  used  to  alter  the  depth  of  penetration;  and  finally,  a method  for  pr<- 
dieting  the  depth  of  deterrent  penetration  for  a fixed  time  and  temperature  has 
been  developed.  Perhaps  the  more  general  lesson  learned  in  t his  study  is  that  a 
chemical  interaction  should  be  looked  for  when  nonclassicnl  concentration  gradi- 
ents are  observed  experimentally.  Further,  these  interactions,  in  some  cases, 
may  be  exploited  in  order  to  alter  the  depth  of  penetration,  for  a given  concen- 
tration, by  blocking  interacting  groups  in  the  solid  matrix.  Finally,  when  inter- 
actions are  responsible  for  nonclassicnl  diffusion  gradients,  all  factors  which  af- 
fect the  interaction  (such  as  steric  hindrance)  must  be  considered. 
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1 Attn: 

AMSAR-ASF 

1 Attn: 

AMSAR-RD-G , 
Larry  Moore 

Commander 
Air  Materiel  Area 
Attn:  MMECA 

Hill  AFB,  UT  84401 


Commander 

U.S.  Naval  Weapons  Laboratory 
Attn:  Technical  Director 

Dahlgren,  VA  22448 

Commander 

Watervliet  Arsenal 
Attn:  Technical  Director 

Watervliet,  NY  12189 

Commander 

Lake  City  Army  Ammunition  Plant 
Independence,  MO  64056 

1 Attn:  SARLC-IE, 

Quality  Assurance  Division 

1 Attn:  SARLC-ATL , 

Ammunition  Technical 
Laboratory 

Commander 

Radford  Army  Ammunition  Plant 
Attn:  SMURO-AD,  J.  Horvarth 

Radford,  VA  24141 

Commander 

Twin  Cities  Army  Ammunition  Plant 
Box  689 

Minneapolis,  MN  55440 
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Commander 

U.S.  Army  Aviation  Systems  Command 
Attn:  AMSAV-E 

12th  & Spruce  Streets 
St.  Louis,  MO  63166 

Commander 

U.S.  Army  Electronics  Command 

Attn:  AMSEL-DI 

Ft.  Monmouth,  NO  07703 

Commander 

U.S.  Army  Tank  Automotive  Command 
■Wa.rren,  Ml  48090 

1 .Attnt  AMSTA-CL 

1 Attn:  CDC  Liaison  Officer 

Commander 

U.S.  Army  Missile  Command 
Huntsville,  AL  35809 

1 Attn:  AMSMI-R, 

Dr.  J.  Merrit 

1 Attn:  AMSMI-R, 

R.  Mitchell 

Commander 

U.S.  Army  Mobility  Equipment 
Research  & Development  Center 
Ft.  Belvoir,  VA  22060 

1 Attn:  Technical  Document  Center 

Bldg  315 

1 Attn:  AMSME-RZT 
Commander 

U.S.  Army  Materials  & Mechanics 
Research  Center 
Watertown,  MA  02172 

Commander 

Badger  Army  Ammunition  Plant 
Attn:  SMUBO-Q,  E.  Johnson 

Baraboo,  WI  53913 


Commander 

U.S.  Army  White  Sands  Missile  Range 
Attn:  Technical  Library 

White  Sands,  NM  88002 

Commander 

Edgewood  Arsenal 

Attn:  SAREA-RB 

Edgewood  Arsenal,  MD  21010 

Commander 

U.S.  Army  Aberdeen  Research  & 
Development  Center  - BRL 
Aberdeen  Proving  Ground,  Md  21005 

1 Attn:  BRL, 

Dr.  R.J.  Eichelberger, 
Director 

1 Attn:  Dr.  Austin  Barrows 

1 Attn:  Dr.  Eli  Freedman 

1 Attn:  Dr.  Ingo  May 

1 Attn:  Dr.  Michael  Schroeder 

1 Attn:  Denis  F;  Strenzwilk 

1 Attn:  Dr.  Kevin  White 

Commander 

•U.S.  Army  Tropic  Test  Center 
Attn:  STETC-MO-A  (Tech  Ly) 

Drawer  943 

Ft.  Clayton,  Canal  Zone  0/827 
Commander 

U.S.  Army  Research  Office  (Durham) 
Box  CM,  Duke  Station 
Durham,  NC  27706 

Commander 

U.S.  Naval  Ordnance  Laboratory 
Attn:  Code  730,  Library 

Silver  Spring,  MD  2C360 
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Commander 

U.S.  Naval  Weapons  Center 
China  Lake,  CA  93555 

1 Attn:  J.  Sherman 

1 Attn:.  Code  4522 

1 Attn:  Code  4581 


Headquarters 
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Washington,  DC 
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USAF  (AFCSAI) 

Washington,  DC  20330 


Director 

NASA  Scientific  & Technical 
Information  Facility 
Attn.:  SAF/DL,  Acq  Div 

,P.O.  Box  33 

College  Park,  MD  20470 

Dr.  Henry  Prask 
National  Bureau  of  Standards 
Reactor  Radiation  Division,  Bldg  235 
Washington,  DC 

Defense  .Documentation  Center  (12) 
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Alexandria,  VA  22314 
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Mr.  S.  Miller 
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